Background: Physical activity is associated with lower risk of colon and breast cancers. Herein we estimated preventable fractions of colon and breast cancers in Brazil by increasing population-wide physical activity to different counterfactual scenarios. Methods: We used data from a representative national survey in Brazil and corresponding relative risks of colon and postmenopausal breast cancers from a meta-analysis. Estimated cancer incidence was retrieved from GLOBOCAN and Brazilian National Cancer Institute. Five counterfactual scenarios for physical activity were considered: (i) theoretical minimum risk exposure level (≥8,000 metabolic equivalent of tasks-minute/week -MET-min/week); (ii) physical activity recommendation (≥600 MET-min/week); (iii) a 10% reduction in prevalence of insufficient physical inactivity (< 600 MET-min/week); (iv) physical activity level in each state equals the most active state in Brazil; (v) closing the gender differences in physical activity. Results: About 19% (3,630 cases) of colon cancers and 12% (6,712 cases) of postmenopausal breast cancers could be prevented by increasing physical activity to ≥8,000 MET-min/week. Plausible counterfactual scenarios suggested the following impact on cancer prevention: reaching physical activity recommendation: 1.7% (1,113 cases) of breast and 6% (1,137 cases) of colon; 10% reduction in physical inactivity prevalence: 0.2% (111 cases) of breast and 0.6% (114 cases) of colon; most active state scenario: 0.3% (168 cases) of breast and 1% (189 cases) of colon; reducing gender differences in physical activity: 1.1% (384 cases) of breast and 0.6% (122 cases) of colon. Conclusions: High levels of physical activity are required to achieve a sizable impact on breast and colon cancer prevention in Brazil.
Introduction
Convincing evidence supports the association between physical activity and lower risk of colon and breast cancers [1] [2] [3] . Potential protective effect of physical activity on other cancer sites has been recently suggested [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , yet the evidence is less consistent and dose-response shape unknown [1] . Physical activity may exert major influences on cancer risk mainly through weight management and adiposity level [15, 16] , and additionally via direct effects on hormones and inflammatory markers [17] [18] [19] . To obtain these health benefits the World Health Organization (WHO) recommends at least 600 metabolic equivalents of tasks-minute per week (MET-min/week) of total physical activity, which has been translated as 150 min/week in activities with moderate intensity (3-6 MET) or 75 min/week in vigorous activities (> 6 MET) [20] . However, higher levels of total physical activity (i.e., ≥8000 MET-min/week) have been recently suggested to provide optimum risk reduction returns in non-communicable diseases (NCDs), especially for breast and colon cancers [21] . Globally, lack physical activity accounts for, on average, 12% of breast cancer and 18% of colon cancer [22] . To calculate the fraction of cancers due to lack of physical activity, both the distribution of physical activity at the population level (e.g., prevalence of exposure) and the relative risk (RR) of cancer are required [23, 24] . Frequently, studies have obtained RR from meta-analyses comparing the most and the least active groups, which is heterogeneously defined across primary studies. Therefore, the definition of lack of physical activity cannot be consistently used to estimate the exposure level at the target population.
Studies on preventable fractions usually report the proportion of cancer that could be potentially avoided if exposure to a certain risk factor were eliminated (i.e., theoretical minimum risk exposure level) [23, 24] . Notwithstanding informative, this scenario is unlikely to be reached at the population level. On the other hand, alternative scenarios considering plausible reductions in exposure level are sparse in the literature, despite its importance to inform policy makers and cancer prevention strategies. For instance, the WHO Global Action Plan for the Prevention and Control of NCDs (WHO 25 × 25) targeted a 10% reduction in the prevalence of insufficient physical activity for 2025 [25] . Reducing gender inequality in physical activity is also important [26, 27] . Globally, the prevalence of insufficient physical inactivity is, on average, 20% lower in women than in men [27] . There are also great disparities in insufficient physical activity within countries. For instance, prevalence of insufficient physical activity ranges from 41% to 58% in Brazilian states [28] . Reducing disparities in physical activity between gender and geographic areas may have a positive impact on population levels of physical activity. However, the extent to which these alternative scenarios of physical activity could potentially reduce the burden of cancer is unknown.
Herein we estimated preventable fractions of colon and breast cancer cases in Brazil by increasing population-wide physical activity to five different counterfactual scenarios: (i) reaching the theoretical minimum risk exposure level (≥8,000 MET-min/week), (ii) reaching the WHO recommendation for physical activity (≥600 MET-min/week) Cancer Epidemiology 56 (2018) [38] [39] [40] [41] [42] [43] [44] [45] [20] (iii) a 10% reduction in prevalence of insufficient physical activity [25] , (iv) increasing physical activity in each Brazilian state to levels observed in the most active state in Brazil, and (v) reducing gender differences in physical activity by increasing physical activity in women.
Methods

Data input
2.1.1. Physical activity data: current distribution and counterfactual scenarios We used data from the National Health Survey (Pesquisa Nacional de Saúde -PNS, 2013), the most recent nationally representative survey in Brazil, including 60,202 individuals aged 18 years and older. Further information about PNS has been reported elsewhere [29, 30] . In this study, we used information from 57,962 adults aged 20 years or older that responded the physical activity questionnaire.
Weekly frequency and duration (hours and minutes) of recreational, occupational, commuting (walking or cycling) to work, commuting to other daily activities, and household activities in a typical week were self-reported. The most frequent type of recreational activity (e.g., walking, cycling, running, soccer) was also collected. We assigned MET for each domain of physical activity (recreational, occupational, commuting and household) according to 2011 compendium of physical activities (Table S1 ) [31] . To obtain the total volume of physical activity, we summed-up MET-min/week across domains of physical activity. We estimated total physical activity by sex, age-group (20-34, 35-44, 45-54, 65-74 , and ≥75 years), and federative units in Brazil (e.g., 26 states and 1 federal district). Total physical activity was categorized into four groups (< 600, 600-3,999, 4,000-7,999, and ≥8,000 MET-min/week) according to cut-offs used in the RR estimates.
We calculated the following counterfactual scenarios of physical activity ( Fig. 1): i) Theoretical minimum risk exposure level: everyone reaches ≥8,000
MET-min/week [21] ; ii) WHO recommendation for physical activity: everyone achieves ≥600 MET-min/week [20] ; iii) WHO 25 × 25: a 10% reduction in the prevalence of insufficient physical activity (< 600 MET-min/week) [25] ; iv) Most active state: physical activity level in each federative unit equals the most active state in Brazil (Minas Gerais for women and Amapá for men); v) Gender equality: physical activity level is equal between women and men (reference group). Physical activity level in women was increased to levels observed in men.
Cancer data: relative risk and estimated Cancer incidence
We included in our study only types of cancer with strong or highly suggestive evidence to be associated with physical activity, namely breast cancer in women (postmenopausal) and colon cancer [1] [2] [3] . We extracted RR and 95% confidence intervals from a recent dose-response meta-analysis of prospective cohort studies (35 studies for breast cancer and 19 studies for colon cancer) [21, 32] synthesizing the associations of total physical activity (< 600, 600 to 3,999, 4000 to 7,999, and ≥8000 MET-min/week) with breast cancer (postmenopausal) and colon cancer (Table S2) .
Estimated number of colorectal and breast cancer cases diagnosed in Brazil in 2012 by sex and age-group (20-34, 35-44, 45-54, 65-74 , and ≥ 75 years) were retrieved from the GLOBOCAN project [33] . Estimated cancer cases for each federative unit in 2012 by sex was obtained from the Brazilian National Cancer Institute [34] . Both sources have been used to inform cancer prevention strategies in Brazil. Details about these estimated cancer incidence data have been published elsewhere [33, 34] . To obtain colon cancer cases only, we applied the proportion of this subtype by sex to total number of colorectal cancer cases (i.e., colon, rectum, and anus) as reported in Cancer in Five Continents Volume X [35] . Breast cancer (postmenopausal) was defined as cases in women aged ≥45 years as reported in the GLOBOCAN 2012 [33] (Table S3) .
Data analysis
Preventable fractions of colon and breast cancers by sex and agegroup were estimated for country and by sex for each federative unit using the following potential impact fraction (PIF) equation [23, 24] :
where P i is the proportion of the population at the level i of physical activity, P' i is the proportion of the population at the level i of physical activity in the counterfactual scenario, and RR i is the relative risk of postmenopausal breast cancer and colon cancer at the level i of physical activity. Levels i of physical activity were < 600, 600 to 3,999, 4,000-7,999, and ≥8,000 MET-min/week (reference group). PIF for the theoretical minimum risk exposure level scenario will be referred hereinafter as population attributable fraction (PAF), a special case of PIF where the exposure is eliminated [23, 24] .
To calculate the number of avoidable cancer cases in each counterfactual scenario of physical activity, we applied PIF estimates to total number of postmenopausal breast cancer cases and colon cancer cases in 2012. We summed up number of avoidable breast and colon cancer cases and divided by total number of cancer cases (excluding nonmelanoma skin cancer) to obtain preventable fraction of all cancer cases due to increase in population-wide physical activity in the corresponding counterfactual scenario.
Recent studies on preventable fractions of cancer due to lack of physical activity have considered about 10-year latency period to account for population aging and time since exposure (Table S4) . We performed sensitivity analysis using number of new cancer cases projected for 2025 in Brazil by sex from GLOBOCAN [33] . Projections of cancer incidence were calculated by multiplying age-specific cancer incidence in 2012 by the population structure expected for 2025 [33] .
Data analysis was performed in Stata version 15.0. Data input and scripts used in our study are available at https://osf.io/5ut4z/.
Results
Current distribution and counterfactual scenarios of physical activity
Nearly half (47.6%) of the Brazilian adults did not achieve the WHO recommendation of 600 MET-min/week, with a higher proportion of women (50.7%) than men (42.7%). Only 6% were engaged in ≥8,000 MET-min/week, the reference group used in our study to represent the theoretical minimum risk exposure level. The prevalence of ≥8,000 MET-min/week in men was almost 4 times as high as the prevalence in women (Fig. 1) . Counterfactual scenarios of physical activity by sex are presented in the Fig. 1. 
Theoretical minimum risk exposure level scenario
We estimated that 12.3% (6, 
Plausible counterfactual scenarios
Plausible counterfactual scenarios of physical activity suggested number of avoidable cancer cases 5 to 46-fold lower than the theoretical minimum risk exposure level scenario. By achieving the physical activity recommendation, about 1.7% (1,113 cases) of postmenopausal breast cancers and 6% (1,137 cases) of colon cancers could be potentially avoided in 2012. Other plausible counterfactual scenarios of physical activity showed modest impact on cancer prevention. Eliminating gender differences in physical activity by increasing physical activity in women to levels observed in men could have avoided 1.1% (384 cases) of postmenopausal breast cancers and 0.6% (122 cases) of colon cancers. Increasing physical activity levels in Brazil to levels observed in the most active state could have avoided 0.3% (168 cases) of postmenopausal breast cancers and 1% (189 cases) of colon cancers. The WHO 25 × 25 goal for physical activity was the scenario with the worst performance, suggesting that about 0.2% (111 cases) of postmenopausal breast cancers and 0.6% (114 cases) of colon cancers could be potentially avoided (Table 2) .
Sensitivity analysis
Sensitivity analysis using number of new cancer cases projected for 2025 showed preventable fractions of breast and colon slightly lower than in the primary analysis. In the theoretical minimum risk exposure level scenario, avoidable cancer cases represented 1.0% and 5.6% of all cancer cases projected for 2025 in men and women, respectively. We estimated that increasing physical activity could potentially avoid 14,076 cancer cases in 2025, compared to 10,342 cancer cases estimated in the primary analysis (Table 3 ).
Discussion
In this study we estimated preventable fractions of breast and colon cancer in Brazil by increasing population-wide physical activity to different counterfactual scenarios. About 12% of breast post-menopausal cancers and 19% of colon cancers in 2012 could be potentially avoided by reaching ≥8000 MET-min/week. When plausible counterfactual distributions of physical activity were considered, number of avoidable cancer cases were 5 to 46-fold lower than the aforementioned estimates. At best, about 1.3% of breast cancers and 6% colon cancers could be avoided by achieving the physical activity recommendation. Other counterfactual scenarios showed modest impact on cancer prevention.
Previous studies suggested that, on average, 12% of breast cancers and 18% of colon cancers are attributable to lack physical activity [22, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . These results are similar to our PAF estimates, although comparing results is challenging due to methodological heterogeneity between studies (Table S4) . Three different equations have been used to estimate PIF/PAF, but Levin's formula [52] has been most frequently used. Friedenreich and colleagues' study was the only one that estimated potential impact of different counterfactual scenarios of physical activity (i.e., ≥3,000 MET-min/week and ≥600 MET-min/week) on cancer prevention [46] . Achieving the WHO recommendation for physical activity is the most frequent threshold used to define the theoretical minimum risk exposure level. Prevalence of total and leisure-time physical activity have been used to estimate the proportion of the population exposed to lack of physical activity (i.e., below theoretical minimum risk exposure level). In this study, we used several categories of total physical activity (< 600, 600-3,999, 4,000-7,999, and ≥8,000 MET-min/week) to estimate preventable colon and breast cancer cases. Importantly, additional benefits of physical activity on cancer prevention were found far beyond the recommended level of 600 MET-min/week. Cancer sites included in previous studies are also a concern. PAF estimates underlies a causal relationship assumption that physical activity decreases the risk of cancer. While the association between (Table S4) . Currently, the World Cancer Research Fund consider convincing the evidence for the association between physical activity and colon cancer; and probable for breast and endometrial cancers [3] . The last statement from the International Agency for Research on Cancer support the association for colon and breast cancers only [2] . Recently, a pooled analysis from 12 cohort studies [4] and several systematic reviews suggested that high physical activity is associated with lower risk of bladder [5] , breast [21, 53, 54] , colon [21, 55, 56] , endometrial [6] , oesophageal [7] , gastric [7, 8] , glioma [9] , kidney [10] , lung [11] , ovarian [12] , pancreas [13] and prostate [14] . Although physical activity could be confirmed with convincing protective effect on these cancers in the future, it's also likely presence of bias in the literature favoring studies showing "positive results" [57] . In fact, a recent umbrella review of literature on physical activity and cancer found hints of reporting bias (i.e., small study effect and excess of significance bias) in about 15% of these meta-analyses [1] . Consequently, only associations between physical activity and colon and breast cancers were supported by strong and highly suggestive evidence, respectively [1] . Evidence of association with other cancer sites were not statistically significant (bladder, chronic/small lymphocytic lymphoma, diffuse large B-cell lymphoma, follicular lymphoma, gastric, glioma, Hodgkin and non-Hodgkin's lymphoma, kidney, leukaemia, multiple myeloma, ovary, rectum, and thyroid) or were considered less consistent (endometrial, oesophageal, meningioma, lung, and pancreas) due to hints of uncertainty and/or bias in literature [1] . We included in our estimates only cancer sites with convincing evidence to be associated with physical activity, as well with available estimates of dose-response relationship. These criteria may have underestimated the overall contribution of physical activity on cancer prevention if associations with other cancer sites turn out to be confirmed genuine. Triangulation of evidence from multiple methodologies, approaches, and disciplines may help to strengthen causal inference on physical activity and cancer [58, 59] . Further results on type, intensity, and volume of physical activity from The Physical Activity Collaboration of the National Cancer Institute's Cohort Consortium [4] ; cohort studies with repeated measures of physical activity over time; and studies exploring biological mechanisms linking physical activity and cancer may play an important role on appraisal of the evidence. Our study has several limitations and assumptions. RR estimates for the association between physical activity and cancer in the Brazilian population are inexistent. We used RR derived from a recent dose-response meta-analysis using data from cohort studies conducted mainly in US and European countries. These estimates might not be applicable to Brazil, especially if the prevalence of effect modifiers differs between settings [ [60] ]. Some RR estimates included in this meta-analysis were adjusted by body mass index. Therefore, our preventable fractions estimates are likely to be underestimated by not considering the overall effect of physical activity mediated through adiposity, which is an established risk factor for breast and colon cancers [61, 62] .
In our study, physical activity level was self-reported and therefore misclassification may have occurred. However, the PNS questionnaire showed reasonable reliability and validity compared to the Global Physical Activity Questionnaire, a validated questionnaire for physical activity surveillance recommended by the WHO [63] . Participants were asked about frequency and duration of physical activity in a typical week, but the questionnaire did not include information about intensity of activities. To define intensity of activities, we used a standard method by applying MET (Table S1 ) related to each domain of physical activity as described in the 2011 compendium of physical activities [31] . Questionnaires assessing physical activity level in the typical week tend to overestimate total energy expenditure compared to objective-measures (e.g., doubly labelled water) [64] . Therefore, our estimates of preventable fractions due to physical activity may be underestimated. We used prevalence data from the most recent representative population-based survey conducted in Brazil in 2013, assuming that trends of physical activity have remained unchanged over time. In fact, leisure-time physical activity slightly increased in the 27 federative units in Brazil over the past few year, while a decrease in transportation physical activity was also observed [65] . Whether these changes affected total physical activity level in the whole country remains unknown and a matter of future studies.
Finally, attributable cancer cases were estimated using cancer cases from 2012 in Brazil. However, physical activity may not have an immediate impact on breast and colon cancers given the relatively long latency period of cancer. Therefore, we performed sensitivity analysis using projected cancer cases for 2025 in Brazil. Considering about 10-year latency period between physical activity and cancers, we estimated that about 3.3% (14,000 cases) of all cancers could be potentially avoided.
In conclusion, our estimates suggest that physical activity may play an important role in cancer prevention strategies by avoiding up to 12% of postmenopausal breast cancers and 19% of colon cancers in Brazil. Alternative scenarios considering plausible increases in physical activity level showed limited to moderate impact on cancer prevention, suggesting that high levels of physical activity are required to obtain a sizable impact on breast and colon cancer prevention in Brazil.
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